Rising global temperatures are likely to increase the rate of soil organic matter 3 decomposition resulting in a substantial release of CO 2 (Raich & Schlesinger 1992; 4 Kirschbaum 1995), and this phenomenon has the potential to accelerate climate 5 change by up to 40% (Cox et al. 2000) . In fact, the importance of soil C-cycling is 6 recognized in the updated IPCC scenarios (IPCC 2007) . However, increasingly, 7
ecologists are recognizing that in order to predict long-term trends in ecosystem C 8 fluxes and biological feedbacks, greater emphasis needs to be placed on measuring 9 potential acclimation and adaptation responses (Oechel et al. 2000; Enquist 2007) . 10
Critically, acclimation has the potential to reduce the projected soil-C losses 11 associated with global warming (Luo et al. 2001) . 12
Respiratory thermal acclimation has been defined as "the subsequent 13 adjustment in the rate of respiration to compensate for an initial change in 14 Here we present the results from one of the first studies to investigate the 8 effect of an extended period of cooling on microbial respiration, utilizing organic soils 9
taken from a sub-arctic tundra heath system in northern Sweden. If thermal 10 acclimation is responsible for the down-regulation of microbial activity observed at 11 high temperatures, then microbial activity must be gradually up-regulated when 12 temperatures are reduced. This is because, as a compensatory response, acclimation 13 must be reversible; otherwise temporary exposure to higher temperatures would result 14 in a permanent down-regulation of respiration, preventing the recovery of rates even 15 when temperature have declined, for example between summer and winter. In support 16 of this logic, changes in soil microbial community structure have been observed both 17 Therefore, the use of experimental cooling allowed us to minimize the 1 confounding factor of warming-induced substrate depletion (substrate depletion will 2 occur at a slightly faster rate in the control soils, but total carbon losses should be 3 sufficiently small to avoid confounding the results) whilst still determining whether 4 soil microbial respiration acclimates to temperature. We demonstrate that (i) soil 5 microbial respiration does not acclimate to temperature, (ii) the short-term 6 temperature sensitivity of respiration is unaltered by the prevailing temperature 7 regime, and (iii) when soil temperatures were reduced for an extended period of time, 8 changes in the microbial community resulted in a further decrease in the baseline rate 9 of respiration, lowering rates of CO 2 production beyond the instantaneous response to 10 temperature. The soils were transported to the University of Stirling using cooled air cargo. 8
The water content of the soil was raised to water holding capacity (WHC) and 9 samples were placed in an incubator (MIR-153, SANYO, Loughborough, UK) at 10 10 o C (±1 o C) for 110 days to allow respiration rates to stabilize as the most labile C 11 pool was depleted and for the microbial community to adjust to this temperature. 12
Sixteen cores were then transferred to a separate incubator (same make and model) set 13 
Respiration measurements 1
Respiration measurements were carried out using an infra-red gas analyzer (EGM-4, 3 PP Systems, Hitchen, UK) connected to an incubation chamber (700 ml Lock & 4
Lock® container, Hana Cobi Plastic Co Ltd., Seoul, Korea) in a closed loop 5 configuration. The rate of CO 2 accumulation in the headspace was logged every 1.6 6 seconds until a 35 ppm increase in CO 2 concentration had occurred. Therefore, 7 measurements were made close to ambient CO 2 concentrations. Respiration rates were 8 expressed as µg C g C -1 h -1 . 9
Finally, at the end of the incubation, the short-term temperature sensitivity of 10 respiration (between 2 and 10 o C) in six replicates taken from the high-low and 11 constant high treatments was measured. The samples were transferred to an incubator 12 at 2 o C, and one day later respiration rates were measured. The incubator temperature 13 was then raised to 6 o C and subsequently 10 o C, before being reduced back to 6 o C and 14 The aim of this temperature manipulation was to determine whether the direct or 21 instantaneous response of respiration to temperature had been altered by the cooling 22 treatment and, therefore, we wanted to account for any changes in baseline rates. Birmingham, UK). Before cooling, one-way ANOVAs were used to determine 22 whether there were any significant differences between the respiration rates of the 23 soils in the different temperature treatment groups. Post-cooling, for the high-low and 24
high-low-high samples, linear regressions were used to determine whether the 25 respiration rates changed significantly over the following 60 days. After the high-low-1 high samples were returned to 10 o C, repeated measures ANOVAs and paired t-tests 2 were used to determine whether there were significant differences between dates, both 3 immediately before and after the cooling treatment was applied, and between the 4 high-low-high and constant high treatments. At the end of the incubation, independent 5 samples t-tests were used to determine whether the short-term temperature sensitivity 6 of respiration differed significantly between the high-low and constant high soils, and 7 paired t-tests were used to determine whether respiration rates differed between the 8 increasing and decreasing phase of the manipulation. An independent samples t-test 9 was used to determine whether the rate of SIR differed between samples that were at 10 10 o C at the end of the experiment (as there was no significant difference between the 11 two treatments, constant high and high-low-high soils were grouped together) 12 compared with the soils that were at 2 o C at the end of the incubation (the high-low 13 soils). 14 15
RESULTS

16
Respiration rates 18 19
Before cooling, there were no significant differences in respiration rates measured at 20 10 o C between the soils in the three temperature treatments (P = 0.622; Fig. 1a ). On 21 day 110, the high-low and high-low-high cores were cooled from 10 o C to 2 o C and the 22 following day the respiration rates had declined by about 67%. Over the following 60 23 days, rather than an increase in the rate of respiration indicative of acclimation, 24 respiration rates declined significantly by on average 28% (Fig. 1b) . The effect of 25 temperature manipulation on the rate of respiration can be expressed using On day 171, the high-low-high cores were returned to 10 o C and respiration 1 rates increased by approximately 72%. However, this rate was significantly less than 2 that measured on day 109, immediately before the temperature reduction (paired 3 t-test: P = 0.037; Fig. 1c ). This indicated that the reduction in respiration rates 4 observed at 2 o C was still apparent when samples were returned to 10 o C. Over the 5 following 28 days (i.e. days 172-200) the respiration rate increased by approximately 6 22% with the rate measured on day 193 differing significantly from the rate measured 7 on day 172 (P = 0.028; Fig. 1c) . Further, the increase in respiration rates during this 8 period only occurred in the high-low-high samples and not in the constant high 9 samples (P = 0.026; Fig. 1c) . Thus, extended exposure to 10 o C was required for the 10 respiration rates to recover to their pre-cooling levels. Unlike plants it appears that the respiration of free-living, heterotrophic soil 4 microbes does not acclimate to temperature. This is perhaps not surprising given the 5 fundamental differences that exist between autotrophic and heterotrophic organisms. demonstrated that rhizosphere respiration responded less to soil warming than 1 microbial respiration in bare soil. As the contribution of the more temperature 2 insensitive flux, rhizosphere respiration, is likely to be greatest during mid season, a 3 time when soil temperatures are likely to be highest, this could explain the apparent 4 reduction in the temperature sensitivity of respiration in warmed plots (i.e. differences 5 between warmed and ambient plots are expected to be lowest during the time of year 6 when rhizosphere respiration contributes the most to belowground respiration). Our 7 results indicate that it is unlikely that the development of a microbial community 8 which responds little to changes in temperature can explain the lower seasonal Q 10 s 9 measured in the warmed plots in previous studies (Luo et al. 2001; Wan et al. 2007) . 10
In our study, by carrying out our measurements in the absence of a rhizosphere, we 11 avoided the possibility of microbial responses being mediated through changes in 12 plant activity. 13 14 Adaptation enhancing a positive feedback 15
16
Our study goes further than demonstrating that thermal acclimation does not occur in 17 these sub-arctic soils. Exposure to low temperatures for an extended period reduced 18 the rate of respiration beyond the initial short-term response (Fig. 1b) and, similarly, 19 extended exposure to moderate temperatures resulted in an increase in activity beyond 20 the instantaneous response to temperature (Fig. 1c) . Further, as the rate of SIR 21 (measured at 10 o C in all cases) was significantly lower in the cooled soils, it appears 22 the microbial community had been affected. Whether the lower SIR rate in the cooled 23 soil was due to a reduction in microbial biomass per se or reflected a shift in 24 microbial community structure is debatable. However, the results from our study 25 suggest that the microbial community was altered by the cooling and that this resulted 1 in a further reduction in respiration rates. Therefore, at the low to moderate 2 temperatures experienced in many soils, such as the arctic soil investigated here, when 3 global warming increases soil temperatures it seems probable that C losses will be 4 enhanced by changes in microbial community functioning. 5
In support of this suggestion, a soil-warming study demonstrated that, during 6 winter months, microbial activity in warmed plots was higher than in control plots 7 even when measurements were made at a common temperature; it was concluded that 8 warming had produced a more active microbial community (Hartley et al. 2007a) . 9
Further, it has been demonstrated that the temperature optimum for the activity of key 10 microbial enzymes in organic soils may shift with time of year (Fenner et al. 2005) , 11
and that thermal tolerances of bacterial community activity gradually change in 12 response to temperature manipulations (Pettersson & Bååth 2003) . Rather than a 13 compensatory response, it appears that, in the longer term, changes in the microbial 14 community may result in a further increase in activity as temperatures rise. Therefore, 15 soil-C losses from cold environments, and during winter periods, are likely to be 16 enhanced by climate change due to changes in soil microbial communities amplifying 17 the instantaneous response to temperature. 18
Here we return to the issue of terminology; the changes in the microbial 19 community which resulted in the decreasing rate of respiration for the 60-day period 20 after cooling, and the increase in the rate of respiration following warming of the 21 high-low-high soils, should be termed adaptation as it almost certainly contains a 22 genetic component. We reiterate that the term acclimation is probably never 23 appropriate when referring to a change occurring at the level of the whole community. 24
If a compensatory response is observed then perhaps the term "compensatory 1 adaptation" would be more appropriate. strong instantaneous response of microbial respiration to changes in temperature 6 (Fig. 2) . When changes in the baseline rate of respiration were accounted for it 7 appeared that the temperature sensitivity of respiration was not affected by the 8 thermal regime the microbes had experienced. 9
Secondly, cooling reduced the baseline rate of respiration as the microbial 10 community was altered by the new temperature, and this medium-term response to the 11 temperature manipulation was reversible. It should be mentioned that there was some 12 evidence of a faster response of the microbial community to the warming than the 13 cooling treatment. It took almost 60 days for the full cooling effect to occur whilst 14 rates had fully recovered within 30 days of warming in the high-low-high samples. In 15 addition, there was some evidence of an almost immediate, partial up-regulation of 16 the baseline rate of respiration in the high-low soils during the short-term temperature 17 manipulation. Therefore, at a timescale of about 1 month, respiration rates are likely 18 to increase in warmer arctic soils as changes in the microbial community result in an 19 increase in the baseline rate. significantly less than on day 109 (paired t-test: P = 0.037) and significantly lower 20 than in the constant high treatment (t-test: P = 0.044), but these differences were 21 subsequently lost as the respiration rates in the high-low-high samples increased. A 22 significant interaction term between time and temperature treatment (repeated 23 measures ANOVA; P = 0.026) indicated that the increase in respiration rates only 24 occurred in the high-low-high samples. 25 Figure 2 The response of respiration to the short-term changes in temperature in the 1 high-low and constant high samples. Mean respiration rates on both the increasing and 2 decreasing phase of the temperature manipulation are shown. Error bars represent 3 +1SE (n = 6). In the high-low samples, there was a significant increase in the rate of 4 respiration measured at 2 o C on the declining phase of the manipulation relative to the 5 rate measured on the increasing phase (labeled "*")..The mean Q 10 values 6 (proportional change in the rate of respiration given a 10 o C change in temperature), 7 calculated from mean respiration rates at each temperature, were 4.25±0.224 for the 8 high-low treatment and 3.80±0.186 for the constant high treatment. There was no 9 significant difference between these two Q 10 values (t-test: P = 0.149). 10 
